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Abstract 
It is well known that grain refining and eutectic Si modification treatments provide benefits to aluminum alloys. 
The addition of master alloys makes it possible to obtain a fine grain size and a modified eutectic microstructure. 
The present research evaluates the combined effect of both treatments in an A356 alloy by thermic analysis of 
the cooling curves and micro- and macrostructural studies of the samples. Reviewing the thermal parameters of 
the cooling curves indicated that using 0.2%Ti and 0.03% Sr, a good level of eutectic phase modification, as well 
as a fine grain structure, is reached. The joint effect of both elements is involved in the alteration of the growth 
kinetics both of the primary phase and the eutectic phase. 
Keywords: grain refining, eutectic Si modification, A356 alloy, solidification, thermal parameters, thermic 
analysis, microstructure, macrostructure. 
 
1. Introduction 
Producing cast aluminum alloys involves controlling a considerable number of variables, in order to achieve 
isotropic mechanical properties throughout the material. Grain refining and the modification of eutectic Si are 
two practices that are carried out for obtaining an optimal microstructure and composition of the alloy.  
Through the addition of a grain-refining agent in the form of a master alloy, a fine grain structure is obtained. 
This structure is desirable in a cast-alloy piece for many reasons: improves the melting feed, reduces contraction 
defects, improves mechanical properties (specially, elongation and tension stress) as well as producing a fine 
dispersion of microporosities and certain intermetallic components. [1]. 
Modification of eutectic Si is usually achieved by adding certain modifier agents in the liquid metal bath, which 
depress the eutectic growth temperature, compared with an unmodified alloy. This takes place because the 
modifier agent changes the growth kinetics of the eutectic phase and a morphological change, or gradual 
refinement, occurs [2]. 
Several studies have focused on the techniques of modification or grain refinement in aluminum and its alloys, 
however, little is known about the combined effect of both treatments. 
The main objective of this paper is to obtain a proper ratio of Ti and Sr, which will allow reaching a good level 
of grain refinement and an ideal degree of modification. This is accomplished by analyzing the influence of both 
treatments on the thermal parameters of solidification, via the cooling curves of an A356 alloy, with additions of 
Al-5Ti-1B and Al-10 Sr master alloys. 
2. Experimental Procedure 
A factorial design was done to determine the quantity of samples that would be used in the experimentation. This 
design includes the eutectic phase modifier and grain refiner percentages to be used:  
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Table 1. Factorial design for an A356 alloy. 
 
 
Where: 
X1: amount of grain-refiner Al-5Ti-1B master alloy (0.05% – 0.2%). 
X2: amount of eutectic phase modifier Al-10Sr master alloy (0.01% – 0.03%). 
PC: central point of studied additions of the used modifier and refiner (0.02% and 0.1%). 
(+): High amount of refiner and/or modifier added. 
(-): Low amount of refiner and/or modifier added. 
In addition to table 1 samples, there was one, which did not receive any treatment, which is referred to as a white 
sample. 
For each group of alloys’ thermal analysis, a casting system was used. The system consisted of silica-sand molds 
with a K-type thermocouple, connected to a Lothec Tempscan 1100 data acquiring system, for recording the 
materials’ cooling curves. 
The melting, grain refining and modification treatments of the A356 alloy were carried out in an electrical 
resistance furnace using a silicon carbide crucible at 780°C. The chemical composition of the A356 alloy used 
for refining and modification treatments is shown below:  
Table 2. Chemical (experimental) composition: A356 alloy. 
 
 
 
  
For all, the white sample and those which received modification and grain refining treatments, degassing was 
performed with Ar during 6 min [11], dross was removed and a sample was taken for chemical analysis, 
performed with a Spectrolab M8 Atomic Emission Spectrometer. 
After unmolding and identifying the cast pieces, a representative sample of each group was taken and cut in 2 
close-to-the-middle parts for macro- and microstructural analysis. The refinement and modification levels of the 
alloy were compared against standards, according to the ASTM E112 standard. 
3. Results and Discussion 
3.1 Thermal Analysis of the Liquidus Zone 
From the experimental cooling curves, the solidification parameters of the liquidus zone were determined (Table 
3). 
Analyzing the graphical results of the cooling curves obtained for the A356 alloy, the joint effect of both 
elements –Ti and Sr– can be observed: for different Ti levels, detailing the liquidus zone (Fig. 1); the table of 
primary solidification parameters, for samples refined with a low level of Ti (0.05%) and modified with low and 
high levels of Sr (Fig. 2); for samples refined with a high level of Ti (0.2%) and modified with low and high 
levels of Sr (Fig. 3). 
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Table 3. Primary solidification parameters. 
 
Where: 
No. ASTM = ASTM grain size. 
TNuc= nucleation temperature of α primary phase. 
TL= arrest temperature of liquidus. 
∆T L= (TL - TNucl.) =liquidus undercooling temperature. 
tL = duration of liquidus undercooling. 
Table 3 shows an increment in the temperature of the α-Al primary phase nucleation, as well as on the 
temperature of liquidus detention, for all cases of increased percentage of added Ti. This increment in the 
temperatures was due to an increased density of nucleation sites for the primary phase in the metal bulk, 
attributed to the presence of TiB2 and TiAl3 particles [3, 8].  
Figure 1 shows the liquidus undercooling. It is inversely proportional to the percentage of added Ti, because the 
refining agent provided a great amount of heterogeneous nucleation sites, thus allowing the nucleation of plenty 
of grains with minimal undercooling [6, 7]. This is the reason why, with Ti levels close to 0.2%, the ∆TL is 
located between 0.11ºC and 0.55°C for both a low and high levels of added Sr, respectively, thus practically 
eliminating the undercooling and obtaining very fine grain size macrostructures. Compared to that, with a low 
level of Ti (close to 0.05%) and with the addition of 0.01% or 0.03% of Sr, the ∆TL is located between 1.62 and 
1.98°C, and the samples have a grain size slightly smaller than the white sample’s. 
For high levels of Ti, reduction of the undercooling time is observed with increased %Ti: the parameter 
decreases its value to around 2 seconds. This behavior is explained again with the increased number of 
heterogeneous nucleation sites, promoting a rapid formation of nuclei of primary phase [10, 13]. 
When the level of the refining agent added is kept constant, either at a high or a low level (0.05% or 0.2%, 
respectively), and the percentage of Sr added varies (0.01% or 0.03%), the combined liquidus undercooling 
effect of Ti and Sr is visible. 
When using a quantity of Ti close to 0.05% together with low and high levels of Sr, as seen in Figure 2, the ∆TL 
is located between 1.62ºC and 1.98°C respectively, and the grain size difference between these samples is barely 
noticeable (from ASTM No. 6 to 7), which means a combined insignificant effect.  
On the other hand, looking at Figure 3, it can be seen that with a high level of Ti (close to 0.2%), the value of 
∆TL is reduced from 0.55°C  (with 0.01% of Sr) to 0.11°C (with 0.03% of Sr), and grain size ranges from ASTM 
No. 12 to 14.5, which represents a significant combined effect.   
It should be noted that adding the combined highest levels of Ti and Sr favor a more significant grain-refining 
effect because, according to literature reports [1, 3], Sr not only acts as a modifying agent, but it may also have 
some potential for reducing grain size, which promotes and increases the quantity of primary nucleation sites [3, 
9, 14]. 
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Fig 1. A356 alloy cooling curves with different levels of Ti: (a) white, 
 (b) 0.05% Ti and (c) 0.1%Ti and (d) 0.2%Ti. 
 
 
 
Fig 2. Cooling curves for refined samples with a low level of Ti (0.05%) and  
modified with different levels of Sr: (a) white, (b) 0.01% Sr and (c) 0.03% Sr. 
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Fig 3. Cooling curves for refined samples with a high level of Ti (0.02%), and  
modified with different levels of Sr:(a) white, (b) 0.01% Sr and (c) 0.03% Sr. 
For this reason, the obtained cooling curve virtually lacks undercooling in the liquidus zone, and thus the cast 
piece has a smaller grain size; however, despite the final, smaller grain size, it is not quite the same in terms of 
modification. Because Sr is involved (together with Ti) in the increment of heterogeneous nucleation sites, 
particles such as TiB2, TiAl3, Al2Si2Sr, Al4Sr, and intermetallics like SrxAlyBz can be formed [1, 2, 3], resulting 
in a reduced percentage of Sr available for the treatment, preventing the system from easily reaching the desired 
modification level. 
3.2 Macrostructural Analysis 
The macrostructures of A356 alloy samples, with rising percentages of Ti and Sr added, are shown below (Fig. 
4), followed by the macrostructures of combined Ti-Sr percentages (Fig. 5). It is important to state that the 
addition of the agents was made simultaneously.  
Figure 4-a shows the alloy’s initial grain size of 8.8mm (according to standard E112-96, 2004), which matches 
ASTM number 4. For Ti percentage of 0.05% (Fig. 4-b), the grain size shrinks down to 4.99mm, matching 
ASTM number 6; with 0.10% Ti, grain size is 0.794mm – ASTM number 11 (Figure 4-c). Finally, the addition 
of 0.20% Ti shrinks grain size down to 0.281mm, matching ASTM number 14 (Figure 4-d). 
In terms of combined percentages of Ti and Sr (figure 5), for a fixed amount of refining agent (0.05%) and 
different Sr percentages added (0.01 to 0.03%), grain size shrinks from 4.49 to 3.17mm, respectively (Figures 5-
c and -d). With a fixed 0.2% of Ti (high level of grain refiner agent) and the same variations of Sr added (0.01% 
to 0.03%), the grain size shrunk from 0.561mm to 0.2281mm (Figure 5-d and -e). 
In addition to being uniform, the macrostructure clearly shows a smaller grain size as the percentage of the 
modifying and refiner agents increase. However, only when high levels of Ti and Sr (0.2% and 0.03%, 
respectively) are used simultaneously, a drastic and significant change in undercooling is observed, and 
therefore, a smaller grain size. 
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Fig 4. Macrostructures of the A356 alloy. Sequential increase rate of grain refinement: 
 (a) 0.0%Ti, (b) 0.05%Ti–0.01%Sr, (c) 0.1%Ti–0.02%Sr and(d) 0.2%Ti–0.03%Sr. 
 
Fig 5. Macrostructures of A356 alloy, effect of simultaneous addition of Ti and Sr:  
(a) without treatment, (b) 0.05% Ti - 0.01% Sr,  (c) 0.05% Ti - 0.03% Sr, 
 (d) 0.2% Ti - 0.01% Sr and (e) 0.2% Ti - 0.03% Sr. 
3.3 Thermal Analysis of the Eutectic Region. 
To obtain the solidification parameters of the eutectic zone of the modified samples (according to table 2 of the 
experimental design), the cooling curves acquired in the experiment were studied. The modification level that 
was obtained is also included in table 4. 
As shown in table 4, the value of Tmin stays between 569.2ºC and 570.7°C for all amounts of modifying agent 
used. Setting a fixed Sr level (either high or low), while increasing the Ti percentage causes Tmin to increase. 
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Table 4. Eutectic solidification parameters. 
 
 
Where: 
 
Tmin= minimum temperature before the eutectic temperature. It is the temperature at which newly nucleated 
crystals of Si have grown to such an extent that the latent heat developed during the growth process balances the 
system’s heat flow, in the center of the sample. 
TE= Eutectic growth temperature. It is the temperature of growth in steady state during which the release of 
latent heat is again equal to the released heat from the system. At this temperature a new energy balance is 
reached. 
∆TE= the eutectic temperature depression (unmodified alloy TE minus modified alloy TE). 
∆TRec= recalescence temperature (TE-Tmin). 
tE= Undercooling time of the eutectic. Time elapsed between the maximum and the minimum zones of the 
eutectic recalescence. Period of time needed to reach the maximum point of the eutectic reaction as from the 
minimum temperature. 
NM= modification level. 
Regarding the eutectic growth temperature (TE), located between 571.4ºC and 572.94°C, a reduction compared 
to the white sample is visible, due to the eutectic phase’s growth change that takes place during the modification 
when Ti and Sr additions increase. 
This behavior occurs because, once the eutectic has begun to nucleate, some latent heat comes off, raising the 
temperature of the eutectic growth, proportional to the percentage of Sr and Ti added, similar to what occurs 
with the temperature of eutectic formation [4]. 
The depression of the eutectic temperature (∆TE) rises correspondingly to the addition of Sr while maintaining a 
fixed level of Ti; however, this increment is not proportional to the increase of the modifying agent (as shown in 
table) for high values of Sr (0.03%) and Ti (0.2%). This can be attributed to the formation of particles such as 
Al4Sr, SrSi2 or SrAl2Si2, which delay the growth of Si crystals by acting as nucleation sites, thus the ∆TE 
decreases [5, 6]. 
The depression of the eutectic temperature goes between values of 4.27°C and 6.99°C. Either at high and low 
levels of Sr, it is observed that Ti affects the modification degree of the samples, achieving greater depression of 
∆TE with a 0.01%Sr and 0.2%Ti ratio. 
This effect is feasible by the indirect participation of the nucleants on the modification of the eutectic structure 
morphology, by forming "islands" in the primary solidification process that decrease the interdendritic fluid 
quantity between them [2, 6, 14]. 
It should be clarified that the grain refiner nucleants (Ti) are not chemically involved in the modification of the 
laminar eutectic; the structure is partially modified due to physical restrictions imposed in the transformed 
volume [5]. 
Besides the ∆TE as an indicator of the degree of modification, the tE is also used as a reference. 
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Fig 6. Cooling curves for the eutectic zone. Modified samples with different amounts  
of Sr: (a) white, (b) 0.01% (modification level 2), (c) 0.02% (modification level 4)  
and (d) 0.03% (modification level 6). 
 
 
Fig 7. Cooling curves for the eutectic zone. Modified samples with 0.01% Sr,  
refined with: (a) white sample, (b) 0.05%Ti (modification level 2)  
and (c) 0.2% Ti (modification level 3). 
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Fig 8. Cooling curves of the eutectic zone; modified samples with 0.03% Sr, refined 
 with: (a) white sample, (b) 0.05% Ti (modification level between 5 and 6)  
and (c) 0.2% Ti (modification level 6). 
For a structure to be modified, a period of time suitable for the growth of Si crystals to reach the maximum peak 
of the eutectic reaction is needed. Starting at Tmin, the dendritic growth is prevented due to the Sr effect, which 
settles in the preferential sites of the eutectic Si, delaying its growth in those specific crystallographic areas in the 
material [9]. This process increases both the tE and the temperature of recalescence (∆TRec), because of the low 
growth rate.  
Analyzing figure 6, the Sr-modified samples have an increased eutectic depression, proportional to the gradual 
change of the microstructure. The typical acicular eutectic Si of the dendritic tree structure of the unmodified 
sample becomes fragmented and more homogeneously dispersed within the sample [9, 15]. With a low 
percentage of Sr (close to 0.01%), the structure has an even needle-like form, ergo a level 2 modification is not 
adequate. For a high percentage of modifying agent (0.03% Sr) particles are very fine in some areas because of 
the overmodification (level 6); on the other hand, for a value close to 0.02% Sr, the acicular shape of eutectic Si 
disappears and the microstructure gains a nice degree of modification (level 4). 
Results from Figure 7 show that, with a fixed value of Sr (close to 0.01%), adding Ti increases the undercooling 
time of the eutectic (tE) and also the minimum temperature (Tmin), thus obtaining the highest modification degree 
with the highest level of Ti, despite a slight decrease of the ∆TE. 
Finally, evaluating the effect of the increasing %Ti, with a fixed level of Sr (close to 0.03%), figure 8 shows that, 
with a low %Ti (0.05%), a nice modified structure is obtained with a modification level between 5 and 6. If the 
Ti addition is higher (0.2%), the sample has a slightly over-modified structure. 
Therefore, according to the observations of the obtained eutectic solidification parameters, it is inferred that 
eutectic growth kinetics are significantly affected by the joint effect of Ti and Sr, either in high or low 
percentages. 
 
3.4 Microstructural Analysis 
The influence of the percentages of Sr and Ti can be seen in the A356 alloy via a metallographic inspection of 
each sample’s microstructure. 
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Figures 9a-d shows the obtained microstructures of each specimen: of the unmodified samples, and with 
different levels of modifying agent and grain refiner. 
It is clear that for a low Sr level (0.01%) there are needle-like structures in the sample, meaning that the level of 
modification is still inadequate (Figure 9-b). However, an intermediate percentage of Sr (around 0.02%) reaches 
a level-4 modification, and the present Si stays in the form of fibrous particles. Nevertheless, heterogeneity still 
exists in the sample (Figure 9c). With levels of 0.03% Sr, the Si is fragmented into very fine particles until over-
modification is reached in some areas, although the overall achieved degree of modification is still good (Figure 
9d). 
 
 
Fig 9.  Microstructures of an A356 alloy; (a) unmodified, (b) modified with  
0.01% Sr – 0.05% Ti,(c) modified with 0.02% Sr – 0.1% Ti and (d) modified 
 with 0.03% Sr – 0.2% Ti. 
Analyzing the obtained microstructures’ results, the desired modification level will be obtained by the increased 
quantity of Sr added (according to the set levels in this study) and also by the amount of Ti, since both are 
involved in the kinetics of the eutectic growth. Therefore, with high levels of both elements (0.03% and 0.2% 
respectively) the desired modification effect of the eutectic Si structure is obtained. 
4. Conclusions 
 In the present study, it was obtained that: 
• Using thermal analysis it can be observed that the growth kinetics of the primary phase and the eutectic are 
more significantly affected by the joint effect of the addition of Sr and Ti to the A356 alloy. 
• Titanium, besides influencing the process of grain refinement, also indirectly contributes in the modification 
of eutectic Si.  
• Strontium, as a modifying agent, also affects the process of grain refinement. 
• The most suitable addition ratio of Ti and Sr to an A356 alloy is: quantities around 0.2% Ti and 0.03% Sr, 
because a good modification degree is reached and a very fine grain size (ASTM No. 14) is also obtained. 
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